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Abstract 
Oxygen-reactive species are by-products of biological redox reactions and are involved in the development and aging processes. In
order to test whether the time-dependent changes in the hepatic antioxidant defense are related to changes in DNA ploidy, we studied in 
rats, aged 2-8 months, the enzymes and metabolites related to the primary cell defense against oxidative stress, as well as the distribution 
of DNA into the cell cycle phases. Catalase and glutathione peroxidase, together with glutathione r ductase and mitochondrial superoxide 
dismutase, underwent progressive and significant time course increases. Although no temporal changes were observed in the concentra- 
tion of protein thiol groups and malondialdehyde in rats in the same age period, glutathione r dox state, detected by the GSH/GSSG ratio 
decreased significantly to 41% (P < 0.001) of the initial value. DNA content was assayed by flow cytometry in isolated hepatocytes, and 
changes in DNA pioidy and distribution i the cell cycle phases were determined. A sharp decrease in diploid population from rats aged 
1-8 months (92.9% ~ 11.1%) and a pronounced increase in hepatocyte polyploid populations in the same age period (2.6% ~ 87.3%) 
were observed. However, liver cell population i volved in S phase (DNA synthesis) was unchanged. These results indicate that he cell 
defense mechanisms against oxygen toxicity increased in liver of rats from 2-8 months in order to suppress the oxidative imbalance. 
During the 6-month period of a rat's life (2-8 months), the significant alterations ofGSH/GSSG ratio to a more oxidative state have no 
influence on the proliferating capacity of the cells. 
Keywords: Development; Reactive oxygen radical; Glutathione; Antioxidant enzyme; DNA ploidy 
1. Introduction 
Development and aging involve changes at morphologi- 
cal and biochemical levels. Among the different hypothe- 
ses about the aging process, the damaging actions of 
reactive oxygen species play a special role [1-3]. Superox- 
ide anion (02)  as well as hydrogen peroxide (H202)  are 
intermediate products of reduced molecular oxygen, which 
appear in the biological systems. Both species are rela- 
tively harmless, since they react to biomolecules at very 
low rates. However, in the presence of certain iron or 
copper complexes, they can be converted into highly reac- 
tive hydroxyl radical (. OH). Superoxide anion and hydro- 
gen peroxide are converted into inert species by the suc- 
cessive actions of superoxide dismutase, glutathione perox- 
idase and catalase. When these defenses are overwhelmed 
* Corresponding author. Fax: +34 1-5438649. 
0925-4439/96/$15.00 © 1996 Elsevier Science B.V. All rights reserved 
SSDI 0925-4439(95)0011 3- 1 
by an excessive generation of these reactive species, cellu- 
lar macromolecules become oxidatively damaged which 
may produce disorders that adversely affect cellular func- 
tion. It is well known that • OH is a powerful oxidant hat 
affects DNA [2], lipid and protein molecules [4]. 
Oxygen-reactive species are mainly generated in mito- 
chondria [5] where 90% of the cell oxygen consumption 
takes place, and are, in fact, by-produced uring the 
respiratory chain electron transport accounting for 1-4% 
of oxygen uptake [6]. Against he continuous generation of 
pro-oxidants, efficient cellular defenses have evolved which 
are strategically compartmentalized in subcellular or- 
ganelles within the cell to provide maximum protection [7]. 
To maintain the cell integrity, these defense systems must 
be in concert with the mechanisms responsible for the 
repair process of oxidatively damaged macromolecules. It 
has been observed that intracellular concentration f GSH, 
GSH/GSSG redox state and the protein thiol levels influ- 
ence DNA by modulating DNA synthesis [8] or by protect- 
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ing DNA molecule from oxidative damage [9]. It has been 
reported that cell division can be triggered by changes in 
the content of sulphydryl groups of protein or non-protein 
origin [ 10]. 
Mammalian liver normally contains polyploid hepato- 
cytes depending on the age of the animal [1 I]. The physio- 
logical significance of the age-dependent i crease in DNA 
ploidy is still unclear, but it is thought o reflect increasing 
degrees of cellular differentiation and the requirement of 
hepatocytes with large amounts of gene products to play 
their multifunctional metabolic role. Rat hepatocytes are 
mainly diploid during the first 3 weeks of life at which 
time the polyploidizing process starts with the successive 
appearance of the tetraploid and octoploid cell populations 
[12]. 
The aim of the present study is to investigate in liver of 
rats aged 2-8 months the development and age-dependent 
changes related to the cell defense mechanisms against 
oxygen reactive species by examining the systems in- 
volved in the glutathione redox cycle and the concerted 
action of antioxidant enzyme systems. The alterations in 
DNA ploidy and the fraction of cells involved in DNA 
replication are also studied in hepatocytes i olated from 
rats aged 1-8 months. The relationship between the activi- 
ties of the systems involved in the cellular defense against 
oxidative stress and the rate of cell proliferation calculate J 
by the fraction of cells involved in DNA replication and 
ploidy will provide a better knowledge of the time-depen- 
dent physiological adaptation. 
2. Materials and methods 
2.1. Reagents 
Enzymes were obtained from Boehringer Mannheim 
(Mannheim, Germany). Substrates and coenzymes were 
from Sigma (St Louis, MO). Standard analytical grade 
laboratory reagents were obtained from Merck (Darmstadt, 
Germany). Cycle-Test DNA reagent kit was from Becton 
Dickinson (San Josr, CA). 
lished by the National Institute of Health (NIH publication 
no. 80-83, revised 1985) were observed. 
2.3. Processing of the samples 
To follow the time course of the changes induced 
during the 6-month period, samples were obtained at 2, 3, 
4, 5, 6, 7 and 8 months. Rats were cervically dislocated 
and samples were obtained and processed [14]. Blood was 
collected from heart of rats and conserved at 4°C for 24 h, 
centrifuged at 3000 rpm for 5 min and serum was obtained 
as the supernatant. Pieces of approx. 500 mg of liver were 
quickly freeze-clamped in situ using stainless tongs cooled 
in liquid nitrogen and then removed and placed in liquid 
nitrogen until processed for glutathione, glutathione S- 
transferase and malondialdehyde analysis. 1 g of liver was 
homogenized in ice-cold solution of sucrose 0.25 M with a 
loose-fitting Teflon glass Potter-Elvehjem homogenizer to
make a 20% (wt/vol) homogenate. The homogenate was 
centrifuged at 800 × g for 20 min at 4°C and the super- 
natant was centrifuged at 10000 × g for 30 min at 4°C; 
the pellet corresponding to mitochondrial + peroxisomal 
fraction was redissolved and the supernatant was cen- 
trifuged at 105 000 × g for 45 min at 4°C. The supernatant 
(soluble fraction) was dialysed for 2 h [14]. 
2.4. Isolation of hepatocytes and flow cytometry analysis 
Hepatocytes were isolated according to the classic col- 
lagenase perfusion method. Fetal hepatocytes were ob- 
tained from 22-day fetuses after digestion of the fetal liver 
with collagenase [15]. Cell viability, determined by Trypan 
blue exclusion, was greater than 90%. For the analysis of 
DNA content and ploidy, 1 × 106 viable cells were stained 
with propidium iodide following the multistep rocedure 
of Vindelov [16]. The emitted fluorescence (FL2A) of the 
DNA-propidium iodide complex was assayed in a FACS- 
scan flow cytometer (Becton-Dickinson). A double dis- 
criminator module was used to distinguish between signals 
coming from a single nucleus and those produced by 
nuclear aggregation. Data were analyzed by evaluating 
single-nucleus inputs (10 4 nuclei/assay). 
2.2. Animals and treatment 2.5. Enzyme assays 
Adult male Wistar rats aged from two (180-220 g) to 
eight months (400-430 g), were supplied with food and 
water ad libitum and exposed to a 12-h light-dark cycle. 
Female Wistar rats (300-350 g), maintained in the same 
conditions, were used to obtain fetuses by cesarian section 
in the morning of the 22nd day of gestation [13]. Each 
experiment was repeated four times and followed the 
international criteria for the use and care of experimental 
animals in research. Standards and procedures outlined in 
the 'Guide for the Care and Use of Laboratory Animals' 
prepared by the National Academy of Sciences and pub- 
Enzymatic determinations were carried out in serum 
and subcellular fractions in the optimal conditions of pH 
and temperature and with substrates and cofactors at satu- 
ration. In serum of rats the following enzyme activities 
were assayed: aspartate aminotransferase spectrophotomet- 
rically at 340 nm in the presence of aspartate and NADH 
[17] and gamma glutamyl tranferase at 450 nm following 
the technique described by Wahlefeld and Bergmeyer [18]. 
Glucose-6-phosphate dehydrogenase was determined in the 
soluble fraction spectrophotometrically t 340 nm [19]; 
glutathione reductase and glutathione peroxidase activities 
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were determined in the same fraction by the methods 
previously described [20,21], respectively. Glutathione S- 
transferase was assayed in the soluble fraction following 
the technique of Habig [22]. Superoxide dismutase was 
determined in liver extracts following the method de- 
scribed by Del Maestro [23]. Catalase was determined in 
the mitochondrial ( + peroxisomes) fraction following Aeby 
[24]. 
2.6. Metabolite assays 
Reduced (GSH) and oxydized (GSSG) glutathione were 
determined by the Hissin and Hilf method [25], measuring 
at 420 nm the fluorescence produced by o-phthalaldehyde 
as fluorescent reagent, and the results were expressed as 
nmol or ~mol per g of fresh liver for GSH and GSSG, 
respectively. Protein sulphydryl groups were determined 
with Ellmann's reagent [5,5'-dithiobis-(2-nitrobenzoic 
acid)] (DTNB) as previously described by Di Monte et al. 
[26], modified as follows: 250 g of frozen liver were 
homogenized with Potter-Elvehjem homogenizer with 5 ml 
of 5% trichloroacetic acid and centrifuged at low speed. 
The pellet was washed twice with the same trichloroacetic 
acid solution. The protein pellet was redissolved in 0.1 M 
Tris-HC1 buffer (pH 7.4), and DTNB (1 mM final concen- 
tration) was added. Samples were measured 20 min later at 
412 nm and blank values obtained by treating sample 
aliquots with 5 mM N-ethylmaleimide b fore the reaction 
with DTNB was subtracted. The values were expressed as 
nmol of SH equivalents/mg protein using GSH as stan- 
dard. Malondialdehyde was determined in liver extracts by 
homogenizing samples of liver in 3 Vols. of 0.1% tri- 
chloroacetic acid (TCA) and centrifuging at 15 000 X g for 
10 rain. Aliquots of the supernatant with thiobarbituric 
acid in 20% TCA were heated at 90°C for 15 min. Samples 
were centrifuged and the absorbance was measured in the 
supernatant a 535 nm. The results were expressed as nmol 
per g of liver as previously described [27]. Proteins were 
evaluated by the Bradford method [28]. 
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Fig. 1. Parameters related to liver injury during rat development. Serum 
samples were obtained from 2, 3, 4, 5, 6, 7 and 8 months old rats. ASPT, 
aspartate aminotransferase (EC 2.6.1.1) and GGT, gamma glutamyl trans- 
ferase (EC 2.3.2.2) activities were assayed at 30°C as previously de- 
scribed [20,21] and the results are expressed as nmol X min- ]  X ml - ~ and 
/xmol x min - ~ X ml -  ~ respectively, and are the mean + S.D. of 4 experi- 
mental observations. * P < 0.001 vs. control. 
3. Results 
3.1. Parameters related to liver injury 
Serum parameters of liver injury such as aspartate 
aminotransferase and gamma-glutamyl transferase are 
shown in Fig. 1 and the levels of malondialdehyde, as
indicator of lipid peroxidation, are shown in Fig. 2. The 
activity of serum aspartate aminotransferase was practi- 
cally unchanged, but the serum gamma-glutamyl trans- 
ferase underwent a progressive, but slight increase, reach- 
ing at 8 months 138% of the initial value. The concentra- 
tion of malondialdehyde in liver extracts howed no signif- 
icant variations. 
3.2. Enzymes systems and metabolites related to glu- 
tathione redox cycle 
The concentration of GSH, the ratio GSH/GSSG and 
the level of protein sulphydryl groups in liver of rats aged 
2-8 months are shown in Fig. 2. GSH and GSH redox 
index decreased to 78% and 41% of the initial values, 
respectively, while GSSG showed a remarkable increase in 
the same age period to 184%. These results suggest an 
enhancement in the cell oxidative status. However, the 
intracellular level of protein thiol groups did not change 
significantly. 
In Fig. 3 are shown the enzyme activities involved in 
the glutathione redox cycle such as glucose-6-phosphate 
dehydrogenase, glutathione reductase, glutathione peroxi- 
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dase and glutathione-S-transferase. Th  activity of glucose 
6-phosphate dehydrogenase, a NADPH-generating system 
from rats aged 2-8 months, did not change significantly, 
while glutathione reductase activity increased in the same 
period to 152%. Glutathione peroxidase activity, the en- 
zyme system that eliminates peroxides at the expense of 
GSH, increased more than three times the initial value 
(379%) and glutathione-S-transferase activity (GST), that 
forms S-conjugates with GSH, showed a slight, but signifi- 
cant, increase to 138%. The increase in GST activity 
indicates an enhancement in the irreversible loss of GSH 
and can be the cause of the 22% depletion of GSH. Fig. 4 
shows the activities of Cu-Zn and Mn superoxide dismu- 
tase isoenzymatic forms and catalase in liver homogenates 
of liver of rats aged 2-8 months. Cu-Zn SOD soluble form 
(sensitive to KCN) showed a decrease to 75% at 8 months. 
However, Mn SOD mitochondrial form and catalase un- 
derwent progressive increases compared to the initial val- 
ues (210% and 258%, respectively). 
3.3. Ploidy and DNA distribution in the cell cycle phases 
According to the protocol of the present study, hepato- 
cytes were isolated at 1, 2, 3, 4, 5, 6, 7 and 8 months. Fetal 
hepatocytes were also isolated from fetuses of 22 days of 
gestation. In Fig. 5 are shown the histograms of DNA 
obtained by flow cytometry expressed as the relative num- 
ber of cells against he fluorescence (FL2A) emitted by the 
propidium iodide-DNA complex [15]. The quantitative 
analysis of the DNA histograms of Fig. 5 are shown in 
Table 1. The following alterations were recorded: amarked 
decrease in diploid hepatocytes (92.9% --* 11.1%), a sharp 
increase in polyploid populations (2.6%--* 87.3%) and a 
decrease in hepatocytes in phase S (4.6% ~ 1.6% from 1 st 
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Fig. 2. Alterations in glutathione (GSH), GSH/GSSG, protein thiol groups and malondialdehyde (MDH) in rat liver. Samples of liver were obtained from 
rats aged 2, 3, 4, 5, 6, 7 and 8 months. The values are expressed as follows: GSH in /xmol X g-~ liver, protein thiol groups in nmol GSH 
equivalent × mg- J protein and malondialdehyde in nmol x g-  t liver. These results are the mean -I- S.D. of four experimental observations. * P < 0.001 
versus control. 
N. Sanz et al. /Biochimica et Biophysica Acta 1315 (1996) 123-130 127 
t -  
O 
L_ 
t~ 
T 
E 
x 
T 
r 
E 
X 
0 
E 
70 
35 
0 
G6PDH 
r i i i i i 
3 4 5 6 7 8 
Time {months} 
.E 12 
O L. 
n 
T 
E 
x 6 
T 
E 
"6 
E 
c: 0 
GR 
i i I 1 i i 
3 4 5 6 7 8 
Time (months) 
1800 .$ 
o L- 
,t~ 
T 
E 
x 900 
T 
E 
x 
E 
0 
GPx T T T .c: 60 
,L__--4,----,  
~ It It 0 t~ L,. 
E 
x 30 
E 
x 
0 
E 
~ 0 
GST 
i i i ~ i i i ~ i r i i 
2 3 4 5 6 7 a 3 4 5 6 7 a 
Time (months) Time (months) 
Fig. 3. Time course of enzyme activities related to glutathione cycle in liver of rats during development. G6PDH, glucose 6-phosphate dehydrogenase (EC 
1.1.1.49); GR, glutathione reductase (EC 1.6.4.2); GPx, glutathione peroxidase (EC 1.11.1.9); GST, glutathione S-transferase (EC 2.5.1.18). The activities 
were assayed in the soluble fraction of liver samples from rats aged 2, 3, 4, 5, 6, 7 and 8 months. The results are expressed as units (nmol x min - ] ) × mg-  i 
of protein and are mean _+ S.D. of 4 experimental observations. * P < 0.001 versus control. 
month to 2nd month, after which there are no modifica- 
tions). Adult rats 8 months old have 11.1% diploid and 
87.3% polyploid hepatocytes. 
4. Discussion 
Glutathione is the main non-protein thiol involved in 
many enzymatic reactions which are necessary to preserve 
thiol homeostasis, redox state of the cell and defense 
against xenobiotics [29]. In light of the results obtained at 
the end of the 8 months, the 22% decrease in the concen- 
tration of hepatic GSH together with the 59% decrease in 
GSH/GSSG ratio indicated a shifting of the glutathione 
redox cycle towards a more oxidative state during the time 
period studied. However, the concentration f intracellular 
protein sulphydryl groups remained practically unaltered 
during the 6-month period. 
It is well known that the central role played by GSH in 
detoxification is directly involved in conjugation of inter- 
mediary metabolites and in the redox processes. GSH 
conjugates with electrophilic ompounds by means of an 
enzymatic system, the glutathione-S-transferase. In our 
experiments, the increased activity of this enzyme is possi- 
bly due to a higher equirement of the cell to eliminate free 
radicals through the formation of glutathione-S-conjugates. 
These conjugates are, in normal conditions, secreted mainly 
into the bile by a versatile ATP-dependent system [30,31]. 
The increase in hepatic glutathione-S-transferase activity 
and that of serum gamma-glutamyl transferase are both 
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Fig. 4. Superoxide dismutase (EC 1.15.1.1) and catalase (EC 1.11.1.6) 
activities in liver of rats from 2-8 months. Cu-Zn SOD, Mn SOD and 
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Fig. 5. Analysis of hepatocyte DNA ploidy by flow cytometry. DNA 
histograms of hepatocytes in which the number of stained cells (vertical 
axis) are plotted against the DNA ploidy, 2N for diploid, 4N for 
tetraploid and 8N for octaploid populations measured as FL2A (horizon- 
tal axis). To follow the time course of alterations in genomic DNA 
distribution, cells were obtained from rats aged 2, 3, 4, 5, 6, 7 and 8 
months and DNA was stained with propidium iodide according to the 
multistep Vindelov procedure [15]. Quantitative analysis is shown in 
Table 1. 
Table 1 
Quantitative analysis of the DNA ploidy in hepatocytes of rats during 
development (histograms shown in Fig. 5) 
Time of Diploid Polyploid Synthesis 
treatment population population population 
(months) (2N) (4N + 8N) (S i + S 2 ) 
Fetal * 85.3 7.4 7.3 
1 * * 92.9 2.5 4.6 
2 47.5 50.9 1.6 
3 42.7 55.7 1.6 
4 41.1 57.6 1.3 
5 32.8 65.5 1.7 
6 29.1 69.6 1.3 
7 19.7 78.7 1.6 
8 11.1 87.3 1.6 
The values refer to Fig. 5 (except for foetal and 1 month) and are 
expressed as the percentage of DNA in: diploid population (2N) and 
polyploid population (4N and 8N). S t + S 2 correspond to cells synthesiz- 
ing DNA (S phase) from Gj to G 2 (2N -* 4N) and (4N -* 8N). 
* Fetal liver ceils were obtained from fetuses after 22 days of gestation. 
* * Hepatocytes were obtained from suckling rats after 25 days of life. 
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indices of an increased GSH consumption, which are in 
agreement with the depleted levels of GSH and the de- 
creased GSH/GSSG ratio mentioned above. 
The activities of the hepatic enzyme systems involved 
in the glutathione redox cycle, glucose-6-phosphate dehy- 
drogenase, glutathione reductase and glutathione peroxi- 
dase showed the following changes: glucose-6-phosphate 
dehydrogenase activity was unchanged in liver extracts 
from rats aged 2-8 months, while glutathione reductase 
and glutathione peroxidase increased progressively in the 
same period to 152% and 379%, respectively. This pattern 
of change in the enzyme systems directly involved in the 
glutathione redox cycle can be the cause of the alterations 
in the GSH/GSSG ratio. 
The main cell defense mechanisms against oxygen toxi- 
city are the concerted actions of superoxide dismutase and 
catalase [32]. Superoxide anion (02-) is generated in 
aerobic organisms spontaneously, superoxide dismutase 
(SOD) is the enzyme which converts Of  to H202, and 
catalase is the enzyme that eliminates H202. In our results, 
the activity of Mn SOD (mitochondrial form) and catalase 
increased progressively during the age period from 2 to 8 
months, while Cu-Zn SOD (soluble form) activity slightly 
decreased. The enhancement of Mn SOD and catalase 
activities, together with that of glutathione peroxidase, 
suggests that the rate of mitochondrial generation of reac- 
tive oxygen species increases in liver of rats in the age 
period 2 to 8 months, and the cell defense against oxygen 
toxicity is then induced [33]. 
It has been described that intracellular GSH plays a 
modulating role in DNA synthesis and that the reducing 
power of GSH molecule protects DNA from oxidative 
damage [8-10]. It has also been reported that intracellular 
thiols are involved in the control of gene expression 
[34,35]. For these reasons in the present study the temporal 
changes in DNA distribution on phase S (DNA replication) 
of the cell cycle during the period from foetal to 8-month- 
old rats were investigated in isolated hepatocytes by com- 
paring them with those related to the intracellular levels of 
thiol groups of protein or non-protein origin. Our results 
show that the macromolecular thiols were insensitive to 
the alterations in the cellular thioi equilibrium, and that the 
22% depletion of intracellular GSH and the 59% (P < 
0.00l) decrease in the GSH/GSSG ratio did not signifi- 
cantly affect the progression of the cell through the cycle. 
Normal liver growth development is characterized by a 
progressive polyploidization [36] representing a way of 
cellular differentiation with a gradual reduction in the 
proliferative potential. In our results the polyploidization 
was markedly enhanced in the life period studied (2.6% to 
87.3%). In this experiment we can observe, as a function 
of age, the changes of proliferative state from fetal cells to 
8 months quiescent adult hepatocytes (7.3% to 1.6%), the 
intermediate step being the first month of life with a 4.3% 
of hepatocytes in S phase. 
In conclusion, the results obtained indicate a progres- 
sive increase in the liver cell antioxidant capacity in the 
period from 2 to 8 months as a function of age response, 
which should enhance the cell resistance to oxidative 
reactive species. The slight GSH depletion together with 
the 59% decrease in GSH/GSSG ratio does not affect the 
hepatocyte proliferation rate in the period studied. 
The present results refer to changes in hepatic antioxi- 
dant systems as well as in DNA ploidy occurring during 
development of male rats. These data, obtained from ani- 
mals in the period from 2 to 8 months cannot be consid- 
ered in terms of aging [37]. It is well known that many 
physiological and biochemical parameters undergo notice- 
able changes during this period (2-8 months of life) and 
also that the production of oxygen radicals increases as a 
consequence of an increase in the endogenous metabolic 
processes [38]. Our results show that during development 
striking variations occur in hepatic antioxidant systems in 
order to counteract the increased production of reactive 
oxygen species as a consequence of increased metabolic 
oxidative reactions. These results can be extrapolated to 
humans if we consider that in rodents the oxidative dam- 
age of DNA has been estimated one order of magnitude 
higher than in humans [38]. 
Acknowledgements 
We thank Mrs Dolores Velasco for her excellent techni- 
cal assistance and Professor Erik Lundin for his help in the 
preparation of the manuscript. 
References 
[1] Shigenaga, M.K., Hagen, T.M. and Ames, B.N. (1994) Proc. Natl. 
Acad. Sci. 91, 10771-10778. 
[2] Meneghini, R. (1988) Mutation Res. 195, 215-220. 
[3] Slater, T.F. (1984) Biochem. J. 222, 1-15. 
[4] Simpson, J.A., Narita, S., Gieseg, S., Gebicki, S., Gebicki, M. and 
Dean, R.T. (1992) Biochem. J. 282, 621-624. 
[5] Lezza, A.M.S., Boffoli, D., Scacco, S., Cantatore, P. and Gadaleta, 
M.N. (1994) Biochem. Biophys. Res. Commun. 205, 772-779. 
[6] Chance, B., Sies, H. and Boveris, A. (1979) Physiol. Rev. 59, 
527-605. 
[7] Yu, B.P. (1994) Physiol. Rev. 74, 139-162. 
[8] Suthanthiran, M., Anderson, M.E., Sharma, V.K. and Meister, A. 
(1990) Proc. Natl. Acad. Sci. USA 87, 3343-3347. 
[9] Bellomo, G., Vairetti, M., Stivala, L., Mirabelli, F., Richelmi, P. and 
Orrenius, S. (1992) Proc. Natl. Acad. Sci. 89, 4412-4416. 
[10] Principe, P., Wilson, G.D., Riley, P.A. and Slater, T.F. (1989) 
Cytometry 10, 750-761. 
[l l] Epstein, R. and Gatens, E.A. (1967) Nature 214, 1050-105l. 
[12] Saeter, G., Schwarze, P.E., Nesland, J.M., Juul, N., Pettersen, E.O. 
and Seglen, P.O. (1988) Carcinogenesis 9, 939-945. 
[13] Cascales, M., Martfn-Sanz, P., Alvarez, A., Sfinchez-Prrez, M., 
Dfez-Fernfindez, C. and Bosc~i, L. (1992) Hepatology 16, 232-240. 
[14] D~ez-Fern,4ndez, C., Boscfi, L., Fernfindez-Sim6n, L., Alvarez, A. 
and Cascales, M. (1993) Hepatology 18, 912-918. 
[15] Martfn-Sanz, P., Cascales, M. and Boscfi, L. (1989) Biochem. J. 
257, 795-799. 
130 N. Sanz et al. / Biochimica et Biophysica Acta 1315 (1996) 123-130 
[16] Vindelov, L.L., Christensen, I.J. and Nissen, N.I. (1983) Cytometry 
3, 323-327. 
[17] Rej, R. and Horder, M. (1984) in Methods of Enzymatic Analysis 
(Bergmeyer, H.U., ed.), 3rd edn, Vol IlL Verlag Chemie, Weinheim, 
pp. 416-424. 
[18] Wahlefeld, A.W. and Bergmeyer, H.U. (1987) in Methods of Enzy- 
matic Analysis (Bergmeyer, H.U., ed.), 3rd edn, Vol III. Verlag 
Chemie, Weinheim, pp. 352-356. 
[19] Deutsch, J. (1987) in Methods of Enzimatic Analysis (Bergmeyer, 
H.U., ed.), 3rd edn, Vol III. Verlag Chemie, Weinheim, pp. 190-197. 
[20] Goldberg, D.M. and Spooner, R.J. (1987) in Methods of Enzymatic 
Analysis (Bergmeyer, H.U., ed.), 3rd edn, Vol III. Verlag Chemie, 
Weinheim, pp. 258-265. 
[21] Giinzler, W.A., Kramers, H. and Floh~, L. (1974) Klin. Chem. Klin. 
Biochem. 12, 444-452. 
[22] Habig, W.H., Pabst, M.J. and Jakoby, W.B. (1974) J. Biol. Chem. 
249, 7130-7139. 
[23] Del Maestro, R.F., McDonald, W. and Anderson, R. (1983) in 
Oxygen radicals and their scavenger systems (R. Greenwald and G. 
Cohen, eds.), Vol. 2. p. 28, Elsevier, New York. 
[24] Aebi, H. (1987) in Methods of Enzymatic Analysis (Bergmeyer, 
H.U., ed.), 3rd edn, Vol III. Verlag Chemie, Weinheim, pp. 273-282. 
[25] Hissin, P.J. and Hilf, R. (1976) Anal. Biochem. 74, 214-226. 
[26] Di Monte, D., Ross, D., Bellomo, G., Ekl~Sw, L. and Orrenius, S. 
(1984) Arch. Biochem. Biophys. 235, 334-342. 
[27] Niehaus, W.G., Samuelsson, J.R. and Wills, E.D. (1969) Biochem. 
J. 113, 315-341. 
[28] Bradford, M.M. (1976) Anal. Biochem. 72, 248-254. 
[29] Kaplowitz, N, Aw, T.Y. and Ookhtens, M. (1985) Ann. Rev. 
Pharmacol. Toxicol. 25, 715-744. 
[30] Fernfindez-Checa, J.C., Takikawa, H., Horie, T., Ookhtens, M. and 
Kaplowitz, N. (1992) J. Biol. Chem. 267, 1667-1673. 
[31] Ishikawa, T. (1992) TIBS 17, 463-468. 
[32] Hassan, H.M. (1988) Free Rad. Biol. Med. 5, 377-385. 
[33] Sawada, M. and Carlson, J.C. (1987) Mech. Aging Dev. 41, 125- 
137. 
[34] Nicotera. P., Dypbukt. J.M., Rossi. A.D., Manzo. L. and Orrenius, 
S. (1992) Toxicol. Lett. 64/65, 563-567. 
[35] Staal, F.J.T., Roederer, M., Herzenberg, L.A. and Herzenberg, L.A. 
(1990) Proc. Natl. Acad. Sci. USA 87, 9943-9947. 
[36] Gerlynk, P., Abyholm, A., Grotmol, T., Erikstein, B., Huitfeldt, 
H.S., Stokke, T. and Seglen, P.O. (1993) Cell Prolif. 26, 557-565. 
[37] Kitani, K. (1992) Gastroenterol. Jpn. 27, 276-285. 
[38] Fraga, C.G., Shigenaga, M.K., Park, J., Degan, P. and Ames, B.N. 
(1990) Proc. Natl. Acad. Sci. USA 87, 4533-4537. 
